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ABSTRACT 
1. In many grassland communities, the identity of dominant species may be determined by 
initial frequency owing to priority effects. Yet, the conditions for these priority effects 
remain unclear.  
2.  Focusing on interactions between annual and perennial plants, we used a simulation 
model to investigate how longevity, fecundity, and the competitive ability of seedlings 
might affect the probability of equilibrium priority effects (alternative stable states) and 
transient priority effects (alternative transient states). 
3. The model suggests that establishment-longevity tradeoff, in which annuals have 
competitive advantage over perennial seedlings, is a necessary condition for equilibrium 
priority effects. Equilibrium priority effects also require low fecundity in both annuals 
and perennials and small fitness differences, as determined by their relative fecundity, 
survival probability, and competitive ability at the seedling stage.  
4. Transient priority effects need only small fitness differences. Furthermore, the model 
indicate that transient priority effects could last several decades under a range of the 
parameter space, exceeding the duration of typical experiments and observations. 
5. Synthesis: Our results suggest that equilibrium priority effects driven by a life-history 
trade-off are possible but may be uncommon because they require unrealistically low 
fecundity. In contrast, transient priority effects should be more likely. Previous empirical 
findings of priority effects in grasslands may mostly indicate alternative transient, rather 
than stable, states, or other mechanisms than a life-history tradeoff. 
 
 
INTRODUCTION 
Recently, there is renewed interest in priority effects, situations where species abundances within 
a community are determined by initial densities (Fukami, 2015). Priority effects are commonly 
studied within the framework of multiple equilibria (alternative stable states, hereafter 
equilibrium priority effects), where positive feedback increases the abundance of the more 
common species (Ke & Letten, 2018; Suding, Gross, & Houseman, 2004).  Additionally, initial 
conditions could affect community dominance for many years due to long-lasting transient 
dynamics (Fukami & Nakajima, 2013; Hastings et al., 2018) despite eventual convergence into a 
single equilibrium (alternative transient states sensu Fukami & Nakajima 2011, hereafter 
transient priority effects). 
Many factors can create the positive feedback required for priority effects in plant communities, 
including fire (Staver, Archibald, & Levin, 2011), soil microbes (positive plant-soil feedback, 
van der Putten et al., 2013), and modification of the physical environment  (ecosystem 
engineering, Jones, Lawton, & Shachak, 1997). In addition, life-history tradeoffs among species 
(including establishment, fecundity, and mortality) can also contribute to priority effects 
(Fukami, 2015), but the conditions for priority effects caused by life-history tradeoffs are not 
well understood. The common Lotka-Volterra approach lumps together fecundity, establishment, 
and mortality, and therefore does not allow the role of life-history tradeoffs to be investigated. 
Furthermore, modelling that does consider life-history tradeoffs often focuses on conditions for 
species coexistence rather than priority effects (Calcagno, Mouquet, Jarne, & David, 2006; 
Crawley & May, 1987; Rees & Long, 1992; Tilman, 1994; Yu & Wilson, 2001).  
In this paper, we use a simulation model to investigate when life-history tradeoffs cause priority 
effects. Our focus is on priority effects between annual and perennial grassland plants, which are 
thought to be common, especially in water limited systems (Corbin & D’Antonio, 2004; Jackson, 
1985; Larios, Hallett, & Suding, 2017; Laycock, 1991; Stromberg & Griffin, 1996; T P Young, 
Zefferman, Vaughn, & Fick, 2015). We suspected that priority effects between annuals and 
perennials would be driven by a tradeoff between longevity and establishment, with annuals 
having competitive advantage over perennial seedlings. We focus on this tradeoff because 
evidence suggests that perennials’ advantage of higher longevity often comes at the cost of lower 
competitive ability at the establishment stage (Bartolome & Gemmill, 1981; Dyer & Rice, 1997; 
Hamilton, Holzapfel, & Mahall, 1999; Young et al., 2015). Annuals tend to germinate earlier 
than perennials, conferring an initial size advantage (Vaughn & Young, 2015; Wainwright & 
Cleland, 2013). Moreover, perennials often have lower specific leaf area, leaf mass fraction, and 
specific root length (Garnier, 1992; Vico, Manzoni, Nkurunziza, Murphy, & Weih, 2016). All 
these traits increase longevity, but reduce resource acquisition and therefore competitive ability 
during the establishment phase.  
 
METHODS 
We built an individual-based, spatially implicit model describing population dynamics of plants 
where the local site is comprised of number of patches (cells), each of which can accommodate 
only one adult individual (e.g. Mouquet et al. 2002). In this modeling approach, plants compete 
for empty cells but the specific limiting resource is implicit for increasing generality. This 
approach is well suited for studying life-history trade-offs (Calcagno et al., 2006; Gonzalez & 
Loreau, 2009; Hastings, 1980) as it explicitly considers fecundity and mortality. Our specific 
model describes the dynamics of two species, one annual (semelparous) and one perennial 
(iteroparous), interpreted as two dominant species or two functional groups with minor 
differences within each group. We highlight, that mortality in this model includes both natural 
mortality as well as any type of disturbance (e.g. fire, grazing, agriculture). 
In the model, we simulate three processes each year: establishment (competition over 
recruitment sites), seed production, and mortality. First, at the beginning of the growing season, 
establishment of new recruits (annuals and perennial seedlings) occurs in patches with no adult 
perennials (i.e. adult perennials are not affected by annuals, Larios et al. 2017). The number of 
seeds of each species arriving to an empty patch is a random Poisson number with expected 
value (and SD) equal to the species’ mean seed rain. Mean seed rain is the per-capita net 
fecundity times the proportion of cells occupied by a given plant species. The yearly probability 
of an empty cell to be occupied by an annual is determined by the following expression: 
𝐶⋅𝑆𝑎(𝑡)
𝐶⋅𝑆𝑝(𝑡)+𝑆𝑎(𝑡))
 , where Sa and Sp represent the number of viable seeds of the perennials and annuals 
and C is a weighting factor describing establishment differences. When C = 1, establishment is 
completely neutral (i.e. the probability of winning is determined only based on seed density). 
Higher values of C imply that the annual seeds have higher competitive ability than perennials 
during the establishment phase.  
The next process after establishment is seed production by annuals and adult perennials  
assuming perennial seedlings cannot produce seeds(Larios et al., 2017; Mordecai, Molinari, 
Stahlheber, Gross, & D’Antonio, 2015). The net per-capita fecundity for annuals and perennials 
(Fa, Fp) is the number of viable seeds per individual of annuals and adult perennials. 
Biologically, this parameter represents the combined effect of a number of processes including 
seed production, seed viability, germination fraction, seed predation, and pathogens. For 
simplicity the model does not incorporate seed dormancy. 
The last process each year is mortality occurring after seed set (i.e. after the end of the growing 
season). The yearly survival probability could be viewed as a result of an external factors (e.g. 
disturbance, drought) or as an endogenic demographic trait of the perennials. Survival 
probability differs between perennial seedlings (Ss) and perennial adults (Sp). Seedlings that do 
not die become adults the next year (Larios et al., 2017; Mordecai et al., 2015). All annuals die at 
the end of each growing season. 
The fecundity of the annual species (𝐹𝑎) is a free parameter of the model. The fecundity of the 
perennial species (𝐹𝑝) is a function of annual fecundity and the fecundity coefficient (β):  𝐹𝑝 =
𝛽 ⋅ 𝐹𝑎 . This coefficient, ranging from zero to one, determines the strength of fecundity 
advantage. When β = 1, the two species have equal fecundity. As β decreases, the perennial 
species suffers from a greater fecundity disadvantage. This modeling choice allows us to 
disentangle the effect of fecundity advantage (determined by β) and the effect of varying the net 
fecundity of both species simultaneously (determined by 𝐹𝑎). 
The parameter space we investigated (Table 1) was designed to represent a wide range of 
demographic traits from various systems around the world. We assumed that annual net 
fecundity (taking into account both seed production and germination fraction) was in the range of 
3-300 (Dirks, Dumbur, Lienin, Kleyer, & Grünzweig, 2017; Jakobsson & Eriksson, 2000; 
Wainwright, HilleRisLambers, Lai, Loy, & Mayfield, 2018) and perennial adult survival was 
0.8-0.99 (Fowler, 1995; Mordecai et al., 2015; Tuomi et al., 2013). Since preliminary 
investigations showed that the effect of varying perennial seedling survival was qualitatively 
similar to varying adult survival, we report only the effects of the latter, i.e. we assumed that 
seedling survival was always 0.3 (following Mordecai et al., 2015). We did not find any relevant 
data for parameterizing C or β and therefore investigated a wide range (1-30 and 0.3-1, 
respectively).  
Table 1. Parameters of the models 
 
 
For each combination of parameters, we investigated two initial conditions, annuals as residents 
(90% of the community) and as invaders (10% of the community). We chose this high 
abundance of invaders to reduce the possibility of extinction by demographic stochasticity 
(although preliminary simulation showed that the model results were robust to the exact portion 
of the invader).  
Our operational definition of priority effects in this paper is situations in which dominance 
depends on initial conditions (i.e. when the annual species has abundance above 50% when 
Symbol Description (units) Value(s) 
C  Competitive difference among seedlings (unitless) 1,3,30 
𝐹𝑎 Net fecundity of annuals (viable seeds/year) 3,10,300 
𝛽 Ratio between annual and perennial fecundities (fraction) 0.3-1 
𝑆𝑠 Survival probability of perennial seedlings (fraction/year) 0.3 
𝑆𝑝 Survival probability of adult perennials (fraction/year) 0.8-0.99 
started with higher initial abundance but below 50% when starting in low abundance). We 
investigated model results at several time points, to study both equilibrium and transient priority 
effects. In all simulation runs, the community was comprised of 10,000 patches in order to 
reduce the effects of drift. We estimated the equilibrium conditions by fitting an asymptotic 
function describing the proportion of priority effects as a function of time (y =  b0 +
 b1 ∙x
b2 + x
). 
After 1000 timesteps, all simulations have (asymptotically) reached the equilibrium (Fig. S1). 
RESULTS 
In accordance with previous predictions (Charnov & Schaffer, 1973; Iwasa & Cohen, 1989), our 
model predicts that dominance by annuals decreases as the survival of adult perennial increases 
(Fig. 1), i.e. annuals are favored by increasing disturbance. Nonetheless, dominance is also 
affected by initial frequency under some conditions, leading to equilibrium (Fig. 1c-d) or 
transient (Fig. 1e-f) priority effects.   
 Figure 1. Representative examples of population dynamics of annuals (blue lines) and perennials (red 
lines) as affected by initial conditions and adult survival probability (𝑆𝑃). In the left column, annuals are 
the majority of the initial community (90%). In the right column, annuals are the minority initially (10%). 
Low survival probability (0.85) leads to annual dominance (upper panels). Intermediate survival 
(𝑆𝑃=0.95) leads to equilibrium priority effects. Under high levels of adult survival, there are transient 
priority effects (for decades), although the perennial species dominates in the long-term. Parameter 
values: 𝑆𝑠 =0.3, 𝐹𝑎= 5, 𝛽 = 0.5, 𝐶 =10 
  
Over the long term (Fig. 2), priority effects (marked in blue in Fig. 2) occur in the intermediate 
parameter space between annual dominance and perennial dominance, where fitness differences 
(sensu Chesson 2000) are small. In addition, equilibrium priority effects require the 
establishment-longevity tradeoff (i.e. 𝐶 > 1) and a low fecundity level for both species (as 
explained above 𝐹𝑎 affects the fecundity of both species simultaneously). Within 1000 years, the 
less dominant species always reaches abundance below 1%, which we interpret as competitive 
exclusion (preliminary simulations showed that complete exclusion depends on the arbitrary 
choice of the number of patches).   
 
Figure 2. Proportion of patches occupied by the annual species (‘a’ in the legend) after 1000 years as 
affected by competitive differences among seedlings (𝐶), annual fecundity (𝐹𝑎), fecundity ratio (𝛽), and 
adult survival (𝑆𝑝). The results (of each parameter combination) are the mean proportion of two 
simulations starting from different initial abundances (10% and 90% of annuals). Black regions represent 
perennial dominance while yellow regions represent annual dominance. The cases where the dominant 
species depends on initial conditions (i.e. when annuals comprised more than 50% in one simulation and 
less than 50% in the other simulation) are categorized as priority effects.  
 
The parameter region of transient priority effects is larger. Transient priority effects require 
neither competitive advantage of annuals over perennial seedlings nor low fecundity (Fig. 3). 
The proportion of the parameter space that shows transient priority effects slowly declined over 
time from c. 37% after 30 years to c. 16% after 100 years and down to c. 8% at equilibrium (Fig. 
4, S1-S5).  We obtained qualitatively similar results when we introduced environmental 
variability to the model (Fig. S6-S8).   
 
 
Figure 3. Proportion of patches occupied by the annual species (‘a’ in the legend) after 30 years. Symbols 
are as in Fig. 2.  
 
 Figure 4. Proportion of communities experiencing priority effects (where dominance is determined by 
initial conditions), annual dominance, and perennial dominance as a function of simulation time (based on 
the total parameter space). Circles are simulation results and solid lines indicate asymptotic predictions 
(y =  b0 +
 b1 ∙x
b2 + x
). The horizontal blue dashed line represents the asymptotic proportion of priority effects 
( b0 + b1). Note the logarithmic scale of the x-axis. Estimated parameters for priority effects are:  b0 =
296, b1 = −288, b2 = 3. Estimated parameters for annuals are:  b0 = −72, b1 = ,116, 0, b2 = 6. 
Estimated parameters for perennials are:  b0 = −2938, b1 = 2987, 0, b2 = 0.  
 
 
  
DISCUSSION 
Taken together, our analysis suggested two previously unrecognized conditions for priority 
effects in grassland plants. First, equilibrium priority effects require low fecundity and 
establishment-longevity tradeoff. Second, this trade-off is not necessary for transient yet long-
lasting priority effects, which require only small fitness difference. Below, we elaborate on these 
conditions for priority effects, place our results in the context of existing knowledge from 
previous studies, and discuss limitations and implications of our findings.  
Conditions for priority effects 
Coexistence and equilibrium priority effects occur when fitness difference is small (Ke & Letten, 
2018), which is found, in our case, between the parameter space of annual dominance and that of 
perennial dominance (e.g. when mortality levels are intermediate). In this intermediate parameter 
space, negative feedback (negative frequency dependence) would lead to coexistence by 
allowing both species to increase when rare, whereas positive feedback (positive frequency 
dependence) would disadvantage species with low abundance, leading to priority effects 
(Fukami, Mordecai, & Ostling, 2016; Ke & Letten, 2018). Our model produces only priority 
effects, so here we seek to identify the model assumption that caused positive feedback. 
One assumption of our model is higher fecundity of the annual species (Charnov & Schaffer, 
1973; Iwasa & Cohen, 1989). The resultant fecundity-longevity tradeoff could not produce 
positive or negative feedbacks, and therefore the species with the highest life-time fecundity 
should always win in the absence of any additional tradeoff (Agren, & Fagerstrom, 1984). In 
accordance, priority effects occur even when this tradeoff is relaxed (i.e. when fecundity ratio, β, 
is 1 in Fig. 2).  
Another assumption of our model is competitive advantage of annuals over perennial seedlings 
(Bartolome & Gemmill, 1981; Dyer & Rice, 1997; Vaughn & Young, 2015). This assumption 
leads to an establishment-longevity tradeoff, which we find here to be a necessary condition for 
equilibrium priority effects. The establishment advantage of annuals reduces the population 
growth rate of perennials when they are rare since their seedlings are outcompeted by the annual 
species (the probability of a patch being empty from annual seeds by chance is low due to the 
high density of annuals). Conversely, high cover of perennials reduces the population growth 
rate of the annuals by reducing the availability of open patches which are necessary for their 
recruitment each year. Since annuals are short-lived, they are particularly prone to extinction 
when none of their seedlings can find a vacant patch.  
In addition, the model suggests that simultaneously decreasing net fecundity of both species (as 
affected by 𝐹𝑎) increases the likelihood of priority effects. In our model, priority effects are 
driven by low recruitment of the rare species. Increasing fecundity reduces this recruitment 
limitation, thereby decreasing priority effects. In Lotka-Volterra models, however, there is no 
effect of intrinsic growth rate on priority effects (Ke & Letten, 2018). This difference is probably 
attributable to the coupling of mortality and fecundity into the intrinsic growth rate in the 
models.   
The low net fecundity required for equilibrium priority effects raises the question how likely they 
occur in real plants, given that many herbaceous plants produce more than 1000 seeds per 
individual (Jakobsson & Eriksson, 2000). In some cases, however, low levels of net fecundity 
may arise through the high probability of seed loss caused by pathogens, mechanic decay, and 
seed predation. The proportion of seeds becoming seedlings can indeed be low, especially in 
species with high seed output (Ben-Hur, Fragman-Sapir, Singer, & Kadmon, 2012; Muller-
Landau, 2010). 
Our results indicate a large parameter space of transient priority effects lasting several decades 
(i.e. longer than most long-term experiments). These priority effects do not require an 
establishment-longevity tradeoff, although they are more likely (i.e. occur in a larger parameter 
space) when the tradeoff exists (Fig. 3, Fig. S1-4). The parameters that were used included some 
arbitrary choices due to data limitation, but our results suggest that slow convergence to 
equilibrium (see also Fukami & Nakajima 2013) may be a common phenomenon than generally 
recognized (see Fig. S1).  
Comparison with previous studies 
Unlike this study, most previous studies considered the tradeoff between longevity and 
competitive advantage as a mechanism of coexistence, not priority effects (Chave, Muller-
Landau, & Levin, 2002; Tilman, 1994). This difference is likely to reflect different assumptions 
about competition. In our model, the better competitor (annual) cannot invade a community 
dominated by the inferior competitor (perennial), since seeds cannot replace established adults 
(replacement competition, sensu Yu & Wilson 2001). In contrast, in previous models (Chave et 
al., 2002; Tilman, 1994), seeds of the best competitor immediately replace established 
individuals of the inferior competitor (displacement competition, sensu Yu & Wilson 2001) and 
therefore the less competitive species cannot prevent invasion. In the context of annual-perennial 
competition, evidence suggests that our replacement assumption (where seedlings cannot replace 
established adults) may be more realistic (Calcagno et al., 2006; Yu & Wilson, 2001). 
Two previous models have also assumed that seedlings cannot replace adults (Baudena, 
D’Andrea, & Provenzale, 2010; Kisdi & Geritz, 2003). Although the focus of these models was 
conditions for coexistence under competition-colonization tradeoff, they found equilibrium 
priority effects in part of their parameter space. These studies did not investigate priority effects 
in detail, but we suspect that the conditions are qualitatively similar to ours as priority effects 
were found in a parameter space where fecundity was low and the better competitor had lower 
longevity. Hence, the establishment-longevity trade-off could be a main mechanism of priority 
effects beyond the scope of annual-perennial interactions (e.g. in Savanna, Baudena et al. 2010).  
Empirical tests of priority effects among annual and perennial plants remain scarce. Seabloom et 
al.’s (2003) study is probably the most direct test to date. Using seed addition (1,000 seeds/m2), 
they showed that perennials were able to invade annual-dominated communities and vice versa, a 
result interpreted as evidence against equilibrium priority effects. However, their experimental 
manipulation removed recruitment limitation, which is a necessary condition for equilibrium 
priority effects in our model. An alternative approach is to estimate demographic parameters of 
co-occurring annual and perennial species to build a system-specific model. This approach 
yielded variable results. A model of grassland in northern California (Uricchio, Daws, Spear, & 
Mordecai, 2019) suggested that annuals would be better competitors and therefore capable of 
invading perennial monocultures, whereas a model for southern California grasslands suggested 
that competitive outcomes would depend on nitrogen availability (Larios et al., 2017). Under low 
nitrogen availability, perennials dominate; under high availability, annuals dominate; and under 
intermediate levels, priority effects are expected. This result is consistent with our model’s 
prediction that priority effects occur under intermediate conditions between annual and perennial 
dominance.  
Limitations 
One limitation of our approach is the implicit assumption that annuals and perennials have the 
same adult size (since only one individual can occupy each patch). We used this common 
modeling approach (Calcagno et al., 2006; Chave et al., 2002; Crawley & May, 1987; Rees & 
Long, 1992; Tilman, 1994) in order to facilitate comparison with other models. Nonetheless, 
since plants vary in size, our model should be viewed as having the extent of cover, rather than 
the number of individuals, as the focal unit of abundance. Therefore, system-specific 
parametrization of simple models like ours should focus on quantifying fecundity per unit area 
rather than per capita and incorporate vegetative growth (i.e. the capability of perennials to fill 
space without the need for establishment).  
Another simplifying assumption of our model is the absence of seed dormancy. A similar model 
of annual-perennial interactions has shown that simply incorporating dormancy into the model 
(i.e. a constant portion of seeds germinate every year) has modest effects on the model 
predictions (Rees & Long, 1992). However, this model has also suggested that if dormancy is 
induced by the presence of established perennials (i.e. annual seeds are able to wait for the right 
time and replace dead perennials) many predictions could change (Rees & Long, 1992). We 
speculate that such selective germination may further reduce the probability for equilibrium 
priority effects but may also increase the length of transient dynamics. Furthermore, interactions 
between seed bank and environmental variability may lead to complex outcomes depending on 
the specific characteristics of seed dormancy (Brown & Venable, 1986; Rees & Long, 1992), 
interactions between seed dormancy and other traits (Venable & Brown, 1988), and temporal 
autocorrelation in environmental conditions (Danino, Shnerb, Azaele, Kunin, & Kessler, 2016). 
We found that a simple addition of environmental variability does not affect the model 
predictions (SI Appendix, Fig. S6-S8), but the complex interactions between seed bank and 
environmental variability in time and space remain to be fully investigated.  
Lastly, our model focuses on interactions between two species that represent two functional 
groups with minor interspecific variability (or two dominant species from each group). However, 
high variation within the two groups may lead to deviation from the predicted patterns e.g. in 
cases where there is one highly competitive species that is able to outcompete all the rest 
regardless of initial conditions.   
Conclusion 
We have shown that equilibrium priority effects driven by life-history tradeoff are theoretically 
possible but may be uncommon in annual-perennial interactions, given that they require 
unrealistically low fecundity. This finding does not necessarily mean that priority effects 
between annual and perennials cannot occur, as there are many other mechanisms that can lead 
to priority effects besides life-history tradeoffs (e.g. soil feedback, fire feedback). A challenge 
for future empirical studies is to disentangle the different mechanisms. System-specific 
parameterizations of our simple model should be useful for this purpose. We have also shown 
here that initial dominance of annuals may often last several decades even when perennials 
eventually dominate, frequently resulting in transient, yet long-lasting priority effects. This 
second finding may be more relevant to understanding real grassland communities, provided that 
most communities rarely reach equilibrium. 
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SUPPORTING INFORMATION 
 
Fig. S1. Proportion of communities experiencing priority effects (where dominance is 
determined by initial conditions), annual dominance and perennials dominance as a function of 
simulation time (note the logarithmic scale) as affected by competitive differences (C) and 
annual fecundity (Fa). Results are based on combining all levels of fecundity ratio [β] and adult 
survival [Sp]). Circles are the simulation results and solid lines represent curve fitting of an 
asymptotic function (y =  b0 +
 b1 ∙x
b2 + x
). The dashed blue line represents the equilibrium 
proportion of priority effects (estimated as  b0 + b1).   
  
 Fig. S2. Proportion of patches occupied by the annual species (a) after 50 timesteps (years). 
Symbols are as in Fig. 2.  
 Fig. S3. Proportion of patches occupied by the annual species (a) after 100 timesteps (years). 
Symbols are as in Fig. 2.  
 Fig. S4. Proportion of patches occupied by the annual species (a) after 200 timesteps (years). 
Symbols are as in Fig. 2.  
 Fig. S5. Proportion of patches occupied by the annual species (a) after 500 timesteps (years). 
Symbols are as in Fig. 2.  
 
  
Appendix S1 
We investigated whether environmental variability reduces the strength of priority effects. 
Hence, we assumed that competitive difference (𝐶) among new recruits varies among years. We 
chose to vary competitive difference because variation in fecundity always lead to extinction of 
the annual species (since there is no seed bank in the model).  Competitive differences were a 
random log-normal variable with a mean of 1, 3, or 30, and SD of 3 for the associated normal 
distributions (Fig. S6). This approach allowed incorporating variation in time while keeping the 
mean conditions as in the main simulations (as presented in Fig. 2). We found that the effects of 
environmental variations were minor (Fig. S7-S8). 
 
Fig. S6. Histograms of competitive differences (𝐶) in the simulation (note the logarithmic scale) 
where environmental variability was incorporated. (a) mean = 1 (b) mean = 3 (c) mean = 30.  
These values refer to the upper, middle and lower panels in Fig. S5. 
 
  
Fig. S7. Proportion of patches occupied by the annual species (a) after 1000 timesteps (years) in 
a temporally variable environment. Competitive differences in each timestep were drawn from 
log normal distributions with (geometric) means of 1, 10, and 30. Symbols are as in Fig. 2.  
 Fig. S8. Proportion of communities experiencing priority effects (where dominance is 
determined by initial conditions), annual dominance and perennial dominance as a function of 
simulation time (based on the total parameter space) in a temporally variable environment. 
Competitive differences in each timestep were drawn from log normal distributions with 
(geometric) means of 1, 10, and 30. Symbols are as in Fig. 4. Estimated parameters for priority 
effects are:  b0 = 581, b1 = −275, b2 = 2. Estimated parameters for annuals are:  b0 =
−182, b1 = ,233, 0, b2 = 3. Estimated parameters for perennials are:  b0 = −10674, b1 =
10716, b2 = 0. 
 
 
